Aims: The aim of this article is to determine the patient-level factors associated with headache neuroimaging in outpatient practice. Methods: Using data from the 2007-2010 National Ambulatory Medical Care Surveys (NAMCS), we estimated headache neuroimaging utilization (cross-sectional). Multivariable logistic regression was used to explore associations between patient-level factors and neuroimaging utilization. A Markov model with Monte Carlo simulation was used to estimate neuroimaging utilization over time at the individual patient level. Results: Migraine diagnoses (OR ¼ 0.6, 95% CI 0.4-0.9) and chronic headaches (routine, chronic OR ¼ 0.3, 95% CI 0.2-0.6; flare-up, chronic OR ¼ 0.5, 95% CI 0.3-0.96) were associated with lower utilization, but even in these populations neuroimaging was ordered frequently. Red flags for intracranial pathology did not increase use of neuroimaging studies (OR ¼ 1.4, 95% CI 0.95-2.2). Neurologist visits (OR ¼ 1.7, 95% CI 0.99-2.9) and first visits to a practice (OR ¼ 3.2, 95% CI 1.4-7.4) were associated with increased imaging. A patient with new migraine headaches has a 39% (95% CI 24-54%) chance of receiving a neuroimaging study after five years and a patient with a flare-up of chronic headaches has a 51% (32-68%) chance. Conclusions: Neuroimaging is routinely ordered in outpatient headache patients including populations where guidelines specifically recommend against their use (migraines, chronic headaches, no red flags).
Introduction
Headaches have a lifetime prevalence greater than 90% (1) . This nearly universal condition results in 13 million outpatient visits annually in the United States (US) (2) . Headache neuroimaging is ordered in 12.4% of these visits, resulting in approximately $1 billion in annual outpatient expenditures in the US (2) . Neuroimaging is commonly ordered despite the fact that the yield of significant abnormalities in patients with migraines and chronic headaches is comparable to that seen in healthy research volunteers (3) (4) (5) (6) . As a result, the American Academy of Neurology (AAN) (migraines), European Federation of Neurological Societies (EFNS) (migraines), and American Academy of Radiology (ACR) (chronic uncomplicated headaches) have all released guidelines recommending against routine neuroimaging (7) (8) (9) (10) . Furthermore, the Choosing Wisely campaign, an initiative to stimulate dialogue about potentially unnecessary tests, has specifically identified neuroimaging in headache patients as a target (www.choosingwisely.org). Therefore, interventions to curb headache neuroimaging utilization have the potential to dramatically reduce health care expenditures and additional downsides including patient inconvenience, radiation exposure related to computed tomography (CT) scans, and the occurrence of false-positive results.
While the need to reduce headache neuroimaging is clear, little is known about the factors associated with its use, which may have implications for future health care efficiency interventions. Therefore, we aimed to identify patient demographic and clinical predictors of headache neuroimaging. We also investigated neuroimaging utilization in populations where guidelines specifically recommend against use (migraines and chronic headaches with no red flags) to determine the magnitude of guideline discordant care. We then used simulation analysis to determine the per-patient probability of headache neuroimaging over five years in two common clinical scenarios, a new diagnosis of migraines and a flare-up of chronic headaches.
Methods

Dataset
The National Ambulatory Medical Care Survey (NAMCS) is a nationally representative survey that uses a three-stage sampling design (geographic regions, physician practices stratified within specialties, and patient visits within practices) to characterize outpatient, office-based care. For this study, we analyzed all headache visits for patients over 18 years of age in NAMCS from 2007 to 2010. Headache visits were identified using the Healthcare Cost and Utilization Project (HCUP) Single-level Clinical Classification System (CCS) (International Classification of Diseases, ninth revision clinical modification (ICD-9CM) codes 339.xx, 784.0x, and 346.xx) with the addition of tension headaches, 307.81. For the migraine subset of visits, ICD-9-CM codes 346.xx were used (11) .
Defining headache visits and neuroimaging appropriateness
We used a series of increasingly specific definitions of ''headache visits'' in order to estimate whether headache imaging was concordant with guidelines. First, we analyzed all visits with a physician-assigned ICD-9-based headache diagnosis in any of the three diagnostic positions for the visit. Next, to increase specificity, we analyzed only visits with a principal headache diagnosis. To further increase specificity and begin to estimate guideline concordance, we then focused on all visits with a migraine ICD-9 diagnosis. For the subset of visits with a primary migraine diagnosis, we then further increased specificity by selecting the visits where there was concordance between the patient's reason for visit and the physician's ICD-9 diagnosis by using NAMCS headache reason for visit code, 12100. As NAMCS allows patients to report three separate reasons for visits, we investigated visits where headache was the primary reason for the visit. This approach allowed us to identify neuroimaging utilization using both a maximally sensitive definition of headache visits (all visits with any headache diagnosis), as well as a maximally specific definition (visits with a primary migraine diagnosis where the patient's primary reason for visit was also headache).
Multiple studies have identified potential ''red flags'' for intracranial pathology that establish the circumstances under which neuroimaging should be considered for headache patients (7, 8, (12) (13) (14) . Specifically, ''red flags'' were considered to be any of the following: any non-headache neurologic symptom as a reason for the visit, pregnancy or suspected pregnancy (pregnancy reason for visit or ordering a pregnancy test), fever (measured at the visit or as a reason for visit), acquired immune deficiency syndrome/human immunodeficiency virus (AIDS/HIV) (ICD-9 diagnoses 042.xx, V08, V0179, 759.71, or an HIV-related reason for visit), trigeminal neuralgia (ICD-9 350.1x or 053.12), epilepsy (ICD-9 345.xx), cancer (as identified as an NAMCS comorbidity), age over 50 with a new headache, uncontrolled hypertension (blood pressure (BP) >180/105) and cluster headache or trigeminal autonomic cephalalgia diagnosis (ICD-9 339.0x, 339.1x).
Identification of neuroimaging
CT and magnetic resonance imaging (MRI) utilization are directly abstracted from the NAMCS survey instrument.
Analysis
We characterized the study population using descriptive statistics after applying survey weights using patient and visit characteristics as reported on the NAMCS survey instrument. We used logistic regression (Bernoulli distribution) to predict probability of receiving any neuroimaging study in the sub-population of headache visits for a series of predictor variables: age, sex, race/ethnicity, year, insurance type, whether the patient had a headache reason for the visit, whether headache was the principal diagnosis, migraine diagnoses (any migraine vs. migraine with aura), the presence of any ''red flag,'' the number of physician visits in the last year, provider type, whether the patient has been seen before in the practice, whether the visit was for a new or chronic problem (routine or flare-up), and patient comorbidities. Of note, chronic headache was defined as those patients with a headache ICD-9 diagnosis for whom the major reason for the visit was identified as a chronic problem (onset greater than three months ago). Based on this model, average marginal effects were used to estimate the probability of receiving neuroimaging for two patient populations where guidelines specifically recommend against their use. Specifically we estimated neuroimaging utilization in the following scenarios: Scenario 1, a patient presents to a primary care physician with a primary complaint of new migraine headaches (major reason for visit was listed as new problem) without red flags; Scenario 2, a patient presents to a primary care physician with a primary complaint of a flare-up of chronic headaches (major reason for visit was listed as flare-up of chronic problem) without red flags.
Monte Carlo simulation
The policy and clinical significance of receiving a neuroimaging study at a given visit is limited because it does not account for the fact that patients usually have multiple visits over time. Consequently, we developed a simulation model to translate the pervisit probability of receiving neuroimaging into the per-patient probability of receiving neuroimaging on different time scales. We used the two clinical scenarios described above and simulated neuroimaging use over five years of follow-up. These scenarios were translated into a simple Markov model ( Figure 1 ). The probability and distribution of receiving neuroimaging at the initial visit and at a return visit was derived from our model predicting the probability of receiving neuroimaging. The probability per year of a return visit was derived from a claims database using a flat distribution between the group with the lowest (0.54 visits/year) and highest (3.2 visits/year) frequency of headache visits (15) . A Monte Carlo process was used to estimate the probability of a patient receiving a neuroimaging study over five years over 10,000 random draws with replacement from the probability distributions. Figure 1 . A Monte Carlo simulation of neuroimaging utilization for a patient presenting to his or her primary care physician with a new complaint of migraine headaches followed routinely for five years. MRI: magnetic resonance imaging; CT: computed tomography; CI: confidence interval.
Results
Population
Detailed demographics of this population are presented in Table 1 . Most of the population was female (78.5%) and less than 65 years of age (88.1%). Visits were to the following providers: primary care physicians (54.8%), neurologists (20%), other specialists (13%), and nonprimary care generalists (12.2%). Thirty-six percent of visits were classified as a new problem, and 83.7% of patients had been seen by the same practice previously. Between 2007 and 2010, headache diagnoses accounted for 51.1 million visits, with migraine diagnoses comprising about half (25.4 million). In two-thirds (16.1 million) of the migraine visits, the migraine diagnosis was listed as the primary diagnosis. Of these 16.1 million migraine visits, approximately half (7.7 million) listed headaches as a reason for the visit with the majority having headache as the primary reason for the visit (91%). Red flags were identified in 22.9% of all headache visits and 15.3% of migraine visits.
Neuroimaging utilization
The combined MRI/CT utilization was 12.4% of visits during patient visits for any headache diagnosis and 9.8% in those with a migraine diagnosis ( Table 2) . Neuroimaging utilization was 15.9% in visits with headache as the primary diagnosis and 11.7% in visits with migraine as a primary diagnosis. Utilization was higher for patients with a primary diagnosis of migraine and either headache as one of the reasons for visit (14.7%) or headache as the primary reason for visit (15.9%). After removing patients with red flags, the MRI/CT utilization decreased to 10.2% in those with any headache diagnosis and 8.3% in those with a migraine diagnosis.
Multivariable logistic regression model
The c-statistic of the model was 0.66. A migraine diagnosis was associated with a significant decrease in neuroimaging utilization (odds ratio (OR) ¼ 0.6, 95% confidence interval (CI) 0.4-0.9), whereas headache as the primary diagnosis was associated with increased utilization (OR ¼ 2.2, 95% CI 1.3-3.6) ( Table 3) . Migraine with aura was not significantly associated with neuroimaging utilization. Red flags (OR ¼ 1.4 95% CI 0.95-2.2) and headache as a reason for visit (OR ¼ 1.2, 95% CI 0.8-1.9) were not significantly associated with neuroimaging. If the reason for the visit was a chronic problem, neuroimaging utilization was decreased compared to a new problem (routine, chronic OR ¼ 0.3, 95% CI 0.2-0.6; flare-up, chronic OR ¼ 0.5, 95% CI 0.3-0.95). First visits to a practice (OR ¼ 3.2, 95% CI 1.4-7.4), were significantly associated with increased neuroimaging utilization. Visits to neurologists (OR ¼ 1.7 95% CI 0.99-2.9) and a diabetes diagnosis (OR ¼ 2.0, 95% CI 0.99-4.2) were also associated with increased neuroimaging, with both approaching statistical significance.
Using this model, we estimated neuroimaging utilization under two clinical scenarios where guidelines specifically recommend against neuroimaging use. Scenario 1, for a patient presenting to his or her primary care physician with a primary complaint of new migraine headaches without red flags, the predicted probability of receiving neuroimaging was 14.3% (95% CI 7.4%-21.2%) at an initial visit and 5.4% (95% CI 2.8%-8.0%) at follow-up visits. Scenario 2, for a patient presenting to his or her primary care physician with a primary complaint of a flare-up of chronic headaches without red flags, the predicted probability of receiving neuroimaging was 13.3% (95% CI 5.3%-21.3 %) at an initial visit and 9.0% (95% CI 4.8%-13.1%) at follow-up visits.
Monte Carlo simulation
In Scenario 1 (new migraine headaches), 20% (95% CI 11%-31%) of patients were predicted to receive a neuroimaging study at one year, 25% (15%-37%) at two years, 30% (18%-43%) at three years, 34% (21%-48%) at four years, and 39% (24%-54%) at five years. In Scenario 2 (flare-up of chronic headaches), 23% (95% CI 12%-35%) of patients were predicted to receive a neuroimaging study at one year, 31% (18%-45%) at two years, 38% (23%-54%) at three years, 45% (28%-61%) at four years, and 51% (32%-68%) at five years.
Discussion
In the US, headache neuroimaging utilization is common, costly, and rising over the last two decades (2, 16) . We demonstrate that 39% of patients presenting with new migraines and more than half of patients with chronic migraines will receive neuroimaging over a fiveyear period, emphasizing that current practice is to order these tests routinely. This is particularly concerning because these are the clinical scenarios in which current guidelines specifically recommend against their use. As a result, efforts to reduce neuroimaging in this population have the potential to improve guidelineconcordant care and also substantially reduce health care costs, patient inconvenience, radiation exposure, and the occurrence of false-positive results.
Current headache practice guidelines suggest that three factors should lead to fewer headache neuroimaging studies: chronic headaches, a migraine diagnosis, and absence of red flags (7) (8) (9) (10) . We found that physicians are less likely to order neuroimaging studies in those with chronic headaches and migraines. However, neuroimaging utilization remains substantial even in these populations. Specifically, neuroimaging is performed in 14.3% of visits with a primary diagnosis of migraine as a new problem and 5.4% of subsequent visits. Similarly, neuroimaging is obtained in 13.3% of visits for patients with a primary complaint of a flare-up of chronic headaches and 9.0% of subsequent visits. Surprisingly, red flags for intracranial pathology were not associated with neuroimaging. This result suggests that physicians may be ordering these tests based on variables beyond those that may increase the yield of these studies. Possibilities include patient requests for testing, patient reassurance, a desire to avoid malpractice liability, and self-referral incentives for physicians who own imaging equipment (17) . Of note, the red flag definition used in this study was designed to maximize sensitivity at the cost of specificity; therefore, some of the patients with red flags in this study likely did not have a true red flag. Consequently, we would not conclude that the low imaging utilization in the red flag study population reflects imaging underutilization in the real-world red flag population. The virtue of a red flag definition with high sensitivity is that it increases the strength of inferences in the population that was not marked as having a red flag. As a result, we can more strongly conclude that the considerable neuroimaging utilization observed was not due to red flags. Besides a primary ICD-9 diagnosis of headache, visits to a neurologist and first-time visits to a practice were significantly associated with neuroimaging utilization. The fact that neurologist visits resulted in higher utilization may be due to several factors, including the tendency of specialists to order more tests, see sicker patients, perform more complete and detailed clinical histories and examinations that uncover red flags, and patient expectations for testing may be even higher when seeing a specialist (18) . However, the fact that neurologists are associated with higher utilization suggests that referrals to specialists are unlikely the answer to curbing neuroimaging utilization in this population. In contrast, the higher utilization in first visits to a practice indicates that enhancing continuity of care may be one way to limit testing. Even after adjusting for all model variables, a first visit to a practice was associated with a more than three-fold increase in the probability of ordering a neuroimaging study. Similar findings of continuity of care resulting in lower utilization of health care services have been demonstrated previously (19, 20) . This may be explained by a provider tendency to order neuroimaging at a first encounter or a patient tendency to seek out a new provider until a neuroimaging study is ordered. In essence, limiting referrals to specialists and better continuity of care may reduce unnecessary neuroimaging tests, although future studies evaluating these potential interventions are needed as many other factors likely influence inappropriate neuroimaging utilization.
Limitations of this study include the lack of potentially relevant clinical information such as worsening of headache with exertion, Valsalva, or vomiting, or abnormal physical examination findings (13) . On the other hand, we were able to use the ICD-9 and NAMCS reason for visit codes to evaluate those with non-headache neurologic symptoms, pregnancy, fever, HIV, giant cell arteritis, trigeminal neuralgia, cluster headaches, epilepsy, and cancer. Similarly, the accuracy of the headache diagnosis cannot be ascertained with these data as the International Classification of Headache Disorders (ICHD) classification is not provided. This is an important limitation as the specific headache classification may influence the utilization of neuroimaging. Moreover, we were unable to use the ICHD definition of chronic headaches. The chronicity of headaches was determined by the chronicity of the major reason for the visit (new problem with onset less than three months ago, routine chronic problem, flareup of a chronic problem); more detailed clinical information was not available. Misspecification of either simulation model structure or parameters may have led to inaccurate mean estimates; however, we allowed for a wide degree of parameter variation making it unlikely that actual effects fall outside the specified CIs. Another limitation is that NAMCS is an observational study that relies on physicians to fill out surveys. However, previous studies have indicated that the NAMCS method has a high degree of sensitivity, specificity, and concordance with regards to diagnostic testing when compared with direct observation of outpatient visits (21) . The routine use of neuroimaging, even in common clinical scenarios where guidelines recommend against their use, highlights the need for interventions to curb utilization. Enhancing continuity of care is one potential way to decrease guideline discordant testing. Future studies are needed to investigate other patient and physician reasons for use and potential barriers to waste-reduction efforts.
Clinical implications
. Neuroimaging is routinely ordered in patients with a headache diagnosis, even in those clinical scenarios where guidelines specifically recommend against their use (migraines, chronic headaches, no red flags). . After five years, a patient with new migraines has a 40% chance of receiving neuroimaging.
. First visits to a physician are associated with higher utilization of neuroimaging; therefore, enhancing continuity of care is one possible intervention to curb utilization.
